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ABSTRACT. The endemic Mexican cactus, Mammillaria pectinifera, 
shows low dispersal capabilities and isolated populations within the highly 
dissected landscape of Tehuacán Valley. These characteristics can restrict 
gene flow and act upon the genetic divergence and speciation in arid 
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plants. We conducted a phylogeographic study to determine if the origin, 
current distribution, and genetic structure of M. pectinifera were driven by 
Quaternary geomorphic processes. Sequences of the plastids psbA-trnH 
and trnT-trnL obtained from 66 individuals from seven populations were 
used to estimate genetic diversity. Population differentiation was assessed 
by an analysis of molecular variance. We applied a stepwise phylogenetic 
calibration test to determine whether species origin and genetic divergence 
among haplotypes were temporally concordant with recognizable episodes 
of geomorphic evolution. The combination of plastid markers yielded six 
haplotypes, with high levels of haplotype diversity (h = 0.622) and low 
nucleotide diversity (π = 0.00085). The populations were found to be 
genetically structured (FST = 0.682; P < 0.00001), indicating that geographic 
isolation and limited dispersal were the primary causes of genetic population 
differentiation. The estimated origin and divergence time among haplotypes 
were 0.017-2.39 and 0.019-1.237 mya, respectively, which correlates 
with Pleistocene tectonics and erosion events, supporting a hypothesis 
of geomorphically-driven geographical isolation. Based on a Bayesian 
skyline plot, these populations showed long term demographic stability, 
indicating that persistence in confined habitats has been the main response 
of this species to landscape changes. We conclude that the origin and 
haplotype divergence of M. pectinifera were a response to local Quaternary 
geomorphic evolution.
Key words: Genetic structure; Population isolation; Divergence time; 
Geomorphic evolution; Tehuacán Valley; Mammillaria pectinifera
INTRODUCTION
The remarkable plant diversification and speciation that gave rise to many modern dry-
land communities was the product of complex climatic and geologic phenomena that caused the 
well-documented Neogene global expansion of arid regions (Cowling et al., 2009; Arakaki et al., 
2011). The rapid speciation of North and South American cacti has been related to the tectonic up-
lifting of orogenic belts that formed intricate landscapes and enhanced aridity due to rain shadow 
in some of the interior basins, creating a wide variety of new habitats that were successfully colo-
nized by this group (Hershskovitz and Zimmer, 1997; Ritz et al., 2007). According to the estimated 
speciation rates and divergence times of the family Cactaceae based on molecular phylogeny, the 
radiation of Mexican cacti coincided with the tectonically driven Miocene-Pliocene expansion of 
arid environments (Hernández-Hernández, 2010). However, to date, there are no studies at the spe-
cies level testing this idea and explaining the mechanisms by which the geomorphic deformations 
could produce geographical isolation, fragmentation, expansion, contraction, colonization and/or 
interruption of the gene flow that could lead to independent evolution of lineages, promoting the 
diversification of cacti. Under the general hypothesis that geomorphic evolution had been the main 
driver of cacti diversification, we present a phylogeographic analysis of the cactus Mammillaria 
pectinifera (Weber), in the northern sector of the Tehuacán Valley region (TVr). 
The combination of a highly dynamic Cenozoic geologic history (Dávalos-Alvarez et al., 
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2007), plus significant processes of diversification and speciation that have occurred in the TVr 
(Dávila et al., 2002), provide an ideal system for reconstructing the phylogeographic trends of plant 
species. This 10,000 km2 semi-arid region hosts 10 to 14% of the modern Mexican flowering plants 
and stands out as a main center of diversification and endemism of the family Cactaceae (Dávila 
et al., 2002). Within this family, the genus Mammillaria is represented by 16 endemic species, all 
adapted to the mosaic-like arrangement of specific habitats of TVr (Peters, 2000). The fact that the 
patchy distribution of M. pectinifera coincides almost exclusively with one particular type of land-
form strongly suggests that the current distribution and genetic features of this species have been 
shaped by the same long-term geomorphic processes that have transformed the physical landscape. 
After the rise of the “Sierra Madre del Sur” highlands, continuous Cenozoic tectonic activ-
ity formed a series of intramontane basins, enhancing the local aridity since the Eocene (Beraldi-
Campesi et al., 2006). Further activity of the Oaxaca and Caltepec and other minor faults during 
most of the Cenozoic widened the valley zones, formed other minor basins and interrupted the top-
ographic continuum of some highland chains, resulting in a variety of micro-environments within 
this semi-arid region. Most importantly, tectonic, volcanic and erosive geomorphic processes have 
been actively affecting the regional landscape as recently as the Holocene (Medina-Sánchez, 2010).
M. pectinifera was used as a model to study the conditions related to cactus diversifica-
tion, because it shows isolated populations within the highly dissected TVr landscape and because 
it shows limited dispersal. It is known that when combined, these characteristics can restrict gene 
flow, acting as a driving force for genetic divergence and speciation in arid lands (Ellis et al., 2006). 
The species grows exclusively at 1778 to 2130 m a.s.l. on plateaus with very gentle slopes (Zavala-
Hurtado and Valverde, 2003). Populations are distributed in the northern sector of the TVr, and 
separated by 3.66 to 62.68 km (Valverde and Zavala-Hurtado, 2006). Pollination is carried out by 
small insects (Valverde PL, unpublished results), and seeds can be retained several years within 
mature fruits limiting dispersal in space and time (Peters et al., 2009). To date, there have been no 
attempts to explain the processes responsible for the diversification of mammillarias in the TVr.
Some of the likely consequences of the Quaternary geomorphic change on M. pectinifera 
could have been an irreversible isolation of its populations to restricted habitats and the formation 
of geographical barriers that prevented gene flow. At the molecular level, the interruption of gene 
flow would have resulted in populations of M. pectinifera showing different and geographically 
structured haplotype lineages, as well as high haplotype differentiation. We tested these hypotheses 
by using the chloroplast DNA (cpDNA) intergenic sequences trnT-trnL and psbA-trnH to infer if: 
a) the landscape evolution of the TVr influenced the phylogeographical structure of M. pectinifera, 
b) if its populations experienced demographic historical changes, and c) if there is a temporal cor-




M. pectinifera is a rare and endemic globose cactus (Bravo-Hollis and Sánchez-Mejorada, 
1991), whose rarity is due to high habitat specificity, restricted geographical distribution and small 
population sizes (Zavala-Hurtado and Valverde, 2003). The main environmental variables that define 
the high habitat specificity of M. pectinifera, besides altitude and limestone summit plateaus, include 
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xerophytic communities with relatively low species richness and coverage; high stoniness and shal-
low, sandy loam soil with relatively low organic matter and basic pH (Table 1; Zavala-Hurtado and 
Valverde, 2003; Zavala-Hurtado A, unpublished results). These environmental variables are similar 
among populations, particularly soil characteristics, supporting field observations of the strong as-
sociation between Mammillaria species and edaphic characteristics (Peters, 2000). The xenogamic 
nature of M. pectinifera (determined from O/P ratios and OIC index) imposes a strong dependency 
on bees and flies for pollen dispersal (Valverde PL, unpublished results) and consequently restricts 
gene flow to relatively short distances. Mature fruits and seeds can be retained within the maternal 
plant for several years, a phenomenon known as serotiny. Seeds are only released during episodes of 
high precipitation, increasing the chances of germination and establishment (Peters et al., 2009). Pol-
lination by small insects, serotiny, and gravity dispersal can strongly limit pollen and seed mobility 
among populations, constraining genetic interchange. M. pectinifera populations are under serious 
extinction risk due to livestock, human activities and habitat deterioration, as well as illegal trade 
(Table 1; Valverde et al. 2009). Although this species is included in CITES Appendix I (2013) and 
the Red List of IUCN (2013), it must also be granted in the extinction risk category by the Mexican 
environmental laws for wild species protection (Semarnat, 2002), as suggested recently (Valverde 
et al., 2009).
Population Population Altitude Slope Stone Sand     Silt  Clay  Soil Deep Organic pH Vegetative  DIR
 code (m a.s.l.) (°) content (%) (%)    (%) (%) texture soil (cm) matter  coverage (%)
Coapan COA 1778   5.0 40.0 50.4    33.8 15.8 Sandy loam 3.4   4.6 8.0 35.0 91.11
Texcala TEX 1914 19.0 73.0 55.1    36.9 8 Sandy loam 2.7 11.7 7.9 30.0 52.19
El Riego RIE 1950 10.0 68.3   56.75    35.4   7.9 Sandy loam 6.8 13.8 7.7 60.0 21.21
Frontera FRON 1950 10.0 61.7 63.1    28.9 8 Sandy loam 4.1   7.3 8.0 73.0   0.39
Tecamachalco TECA 2070 20.0   9.0 46.4    46.8   6.8 Sandy loam 5.8   2.9 7.7 20.0 100
Teteletitlan TETE 2100 15.0 77.0 66.2 29   4.8 Sandy loam 7.5 13.1 7.8 30.0 39.64
Zapotitlan ZAP 2110 12.0 75.0 47.4    39.7 13.0 Sandy loam 7.1 9.7   7.9 60.0   0.0 
Table 1. Population, population code, key shared environmental factors and disturbance index (DIR) of the 
populations studied of Mammillaria pectinifera.
Soil samples (N = 2) were analyzed commercially. All other variables were measured in the field. Disturbance index 
(DIR) is an estimate of three disturbance agents: livestock, human activities and habitat deterioration. It ranges from 
no impact (0.0) to the highest recorded impact (100.0) according to Valverde et al. (2009).
Study site
The study was carried out on the northern part of the TVr, which encompasses part of 
the Puebla and Oaxaca states in Central Mexico (Figure 1A). Most of the known populations 
are within the Tehuacán-Cuicatlán Biosphere Reserve polygon. The seven populations studied 
are spatially segregated and cover all the distribution range of the species (Figure 1A). Climate 
in the TVr is semi-arid according to Koppen’s classification [BS0hw’’(w)(e)(g)]. Most rain 
falls in early summer (May and June) and early autumn (September) with an annual average 
precipitation of 380 mm and mean annual temperature of 21ºC (García, 1973).
Sampling, DNA extraction, amplification, and sequencing
A total of 98 individuals of M. pectinifera from the seven populations were included 
in the present study. Populations were labeled Coapan (COA), Texcala (TEX), El Riego (RIE), 
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Frontera (FRON), Tecamachalco (TECA), Teteletitlán (TETE) and Zapotitlán (ZAP) (Table 
1, Figure 1A). Due to the risk of illegal extraction, geographic coordinates of the populations 
are not reported here. Approximately 100 mg fresh vegetative tissue were collected from each 
individual, frozen in liquid nitrogen and stored at -80°C.
Total genomic DNA was isolated from the stem tissue using the DNeasy Plant Mini kit 
(Qiagen, Valencia, CA, USA) protocol. Two gene cpDNA non-coding regions were amplified 
and sequenced using the psbA-trnH primers reported by Butterworth and Wallace (2004), and 
the trnT-trnL using universal a and b primers described by Taberlet et al. (1991). PCR was car-
ried out in a total volume of 25 μL containing 10 ng genomic DNA, 0.5 U/μL Taq polymerase 
(Invitrogen Carlsbad, CA, USA), 1X PCR buffer, 0.2 mM dNTPs, 10 pM each primer, and 2 
mM MgCl2 for the psbA-trnH region. For the trnT-trnL region the same protocol was followed, 
except for 14 pM each primer and 1.75 mM MgCl2. PCR products were checked on 0.8% (w/v) 
gels and cleaned using the QIAquick PCR Purification kit (Qiagen) or Montage PCR Centrifugal 
Filter Devices (Millipore, Darmstadt, Germany). The purified amplicons were sequenced in both 
directions with an ABI Prism Avant 3100 Genetic Analyzer (Applied Biosystems, Foster City, 
CA, USA) using the standard methods for the Big Dye Terminator Cycle Sequencing Ready 
Reaction kit (Applied Biosystems). Sequences were assembled and edited using SEQUENCHER 
4.8 (Gene Codes Corporation, 2008) and alignment in MEGA 5.05 (Tamura et al., 2011). The 
chloroplast intergenic spacers were sequenced for only 66 individuals from the seven populations. 
The nucleotide sequences of derived haplotypes were deposited in the GenBank database with 
accession numbers JX974817, JX974818, JX974819 and JX974820 for the trnT-trnL region and 
JX974821, JX974822, JX974823 and JX974824 for the psbA-trnH region.
Data analysis
Genetic diversity and structure
Standard diversity indices were calculated at the species and population levels. Hap-
lotype diversity (h) and nucleotide diversity (π) were obtained using the DnaSP 5 software 
(Librado and Rozas, 2009). The mean number of pairwise differences from the infinite-site 
equilibrium relationships (θπ) was estimated using ARLEQUIN 3.11 (Excoffier et al., 2005).
To determine hierarchical population structure, an analysis of molecular variance 
(AMOVA) was performed using pairwise differences and haplotype frequencies with ARLE-
QUIN 3.11. Measures of DNA divergence between populations and groups (FST) were calcu-
lated, and the level of significance was tested using 1000 permutations.
Demographic analysis 
Fu’s Fs statistic was calculated to test demographic expansion. A significantly large nega-
tive value for Fs is expected in cases of population expansion. Fs values were considered to be 
significant at P ≤ 0.02, which was calculated with DnaSP 5. The demographic history of M. pec-
tinifera was inferred from the genealogy of cpDNA sequences using the Bayesian skyline plot 
(BSP) model, which estimates historical changes in effective population size, Ne. This model em-
ploys a Markov Chain Monte Carlo (MCMC) sampling procedure to estimate a posterior distribu-
tion of Ne through time based on temporal distribution of coalescent events in gene genealogies, 
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moving backwards from the present. This analysis was performed using the BEAST 1.6.1 software 
(Drummond et al., 2002-2011); with prior settings that included the GTR substitution model for 
psbA-trnH and trnT-trn-L regions and uncorrelated lognormal clock models with an estimated rate 
of nucleotide substitution of µ = 1.0 x 10-3 substitutions per neutral site per million years (s∙s-
1∙mya-1), based on a comparison of eight chloroplast genes (Wolfe et al., 1987). Multiple replicates 
of MCMC were performed with 10 million steps with a burnin of 10%, genealogies and parameters 
sampled every 1000 steps. The rest of the parameters were specified by default values. Finally, es-
timates of Neµ and confidence intervals were calculated from the posterior probability distributions 
with TRACER 1.4.1(Rambaut and Drummond, 2003-2009) and summarized as a BSP.
Phylogenetic analysis and divergence time estimations
The phylogenetic relationships among M. pectinifera haplotypes were reconstructed under 
a Bayesian approach. This analysis was performed using a concatenated sequence dataset where all 
individuals with the same haplotype were considered as one. The jMODELTEST 0.1.1 software 
(Posada, 2008), set with the AIC criterion was used to select the best fit model of molecular evolu-
tion for each region. Selected models were HKY and GTR for the psbA-trnH and trnT-trnL regions, 
respectively. Relationships among haplotypes were calculated using MrBAYES 3.2.1 (Ronquist and 
Huelsenbeck, 2003) with different partitions in each region. Two parallel MCMC were run simulta-
neously for 2 x 106 generations. We computed the 50% majority rule consensus tree in MrBAYES 
3.2.1 and used the Bayesian estimates of posterior probabilities to evaluate clade support.
To determine if the origin of M. pectinifera and its haplotypes could be related to the 
Plio/Pleistocene events occurring in the TVr (5.33-2.588 mya), we estimated the age origin of the 
species and the timing of haplotypes’ divergence under a Bayesian approach as implemented in 
BEAST v 1.6.2. We used a stepwise approach. As a first step, we assembled a cpDNA sequence 
matrix for the Mammilloyd clade and used it to estimate the age of origin of M. pectinifera. 
This matrix was assembled with sequences obtained from GenBank. We used the matK-trnL 
region and psbA-trnH intergenetic spacer and the rpl16 intron sequences reported by Bárcenas 
et al. (2011) and Butterworth and Wallace (2004), and employed the sequences of Ferocactus 
robustus as the functional outgroup (accession numbers in Supplementary Data). With this 
dataset, we implemented an uncorrelated lognormal relaxed clock in BEAST 1.6.2 with a 
partitioned dataset, setting a GTR+G substitution model for each region based on the results of 
AIC comparisons from jMODELTEST 0.1.1. The Birth-Death speciation process was used to 
model the tree prior. We used a secondary calibration point obtained from a previous estimation 
of divergence of Cactaceae [Hernández-Hernández T, unpublished results; see also Hernández-
Hernández (2010) for a preliminary dating analysis of Cactaceae]. We assigned a uniform age 
prior between 7.97 and 16.14 mya (million years ago) to constrain the crown Mammilloyd.
In a separate step of the dating analyses, and to determine the times when M. pectinifera 
haplotypes started to diverge, we performed a second estimation of divergence times for the M. 
pectinifera haplotypes with the trnT-trnL and psbA-trnH concatenated matrix described previ-
ously. We implemented an uncorrelated lognormal relaxed clock in BEAST 1.6.2 with a parti-
tioned dataset, selecting a coalescent model assuming constant population growth for the tree 
prior. To calibrate the root, we used the dates estimated for the divergence of M. pectinfiera de-
rived from the previous step. For both divergence time estimations, we ran three independent 28 
and 58 generation runs for the Mammiloyd and the M. pectinifera datasets, respectively. In both 
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cases, the results were analyzed using TRACER 1.5 to assess convergence and effective sample 
sizes (ESS) for all parameters. In both cases, individual runs were combined using LogCombiner 
1.6.1 (Drummond and Rambaut, 2007). Resulting dates were summarized in TreeAnnotator 1.6.1 
(Drummond and Rambaut, 2007) by discharging a conservative 50% of trees as burnin.
RESULTS 
Haplotype distribution, genetic diversity and structure
Sequences of psbA-trnH and trnT-trnL ranged from 378 and 597 bp, respectively. The 
total length of the two combining fragments was 957 bp. Site mutations were detected at align-
ment positions 18, 542,743 and 918. Insertion-deletion polymorphisms included single mono-
nucleotide mutations. These mutations defined six haplotypes, which are shown in Figure 1B.
Figure 1. A. Approximate location of the seven populations of Mammillaria pectinifera under study and some 
tectonic faults mentioned in the text. B. Distribution and frequencies of the cpDNA haplotypes of Mammillaria 
pectinifera in the Tehuacán Valley region (TVr). Population names correspond to those listed in Table 1. Bsjr = San 
Juan Raya Basin; Htc = Cordon Tierra Colorada highlands; Hno = Cordon Nopala highlands. Dotted line encloses 
the TVr Biosphere Reserve; bold dashed lines show the Oaxaca and Caltepec faults, and thin dashed line shows 
associated minor faults at the northern sector of the TVr. Inner polygon enclosed by a continuous line represents 
Bsjr. These faults have shown activity until the Holocene and are considered likely major drivers of deformation of 
highlands and valleys across the distribution range of M. pectinifera in the northern sector of the TVr.
A B
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The distribution and frequencies of cpDNA haplotypes defines a pattern of geographic 
structuring of the genetic variation (Figure 1B). The number of individuals carrying each 
haplotype varied from 1 to 38. Haplotype A was carried by 57.57% of all individuals sampled 
and had the widest distribution range, covering all populations except COA. Haplotype B was 
detected only in TEX and ZAP with a frequency of 18.2%. FRON, TEX and RIE shared hap-
lotype C. Haplotypes D, E and F were exclusive of the COA population (Figure 1B).
Haplotype diversity (h) was variable among populations and ranged from 0.000 in 
TECA and TETE to 0.667 in FRON with a total h = 0.622 for all populations (Table 2). Nu-
cleotide diversity (π) was low in all populations indicating a few mutations among haplotypes. 
It ranged from 0.000 in the TECA and TETE to 0.0007 in TEX and FRON populations, and 
an overall of 0.00085. The average value for pairwise differences at the species level was θπ = 
0.368 and differences among haplotypes within populations ranged from 0.167 to 0.667. The 
lowest θπ value was detected in RIE and the highest in TEX and FRON, as shown in Table 2.
Population code N Haplotypes h π θπ Fs P
COA 14 D(1), E(3), F(9) 0.500 0.00056 0.538 -0.413 0.263
   (0.136) (0.00018) (0.534)
TEX 15 A(7), B(5), C(1) 0.603 0.0007 0.667 -0.021 0.295
   (0.088) (0.00015) (0.613)
RIE 16 A(11), C(1) 0.167 0.00017 0.167 -0.476 0.310
   (0.134) (0.00014) (0.270)
FRON 15 A(2), C(1) 0.667 0.0007 0.667 n.a.a n.a.
   (0.314) (0.0007) (0.831)
TECA 10 A(10) 0.0000 0.0000 - n.a. n.a.
TETE 14 A(1) 0.0000 0.0000 n.a. n.a. n.a.
ZAP 14 A(7), B(7) 0.538 0.00056 0.538   1.287 0.370
   (0.052) (0.00005) (0.531) -1.397 0.114
Total 98 66 0.622 0.00085 0.368
   (0.055) (0.0000) (0.397)
Table 2. Population code, sample size (N), and standard genetic statistics of the populations studied of Mammillaria 
pectinifera. The haplotypes, number of individuals carrying each haplotype and the standard genetic statistics were 
based on psbA-trnH and trnT-trnL intergenic sequences.
Numbers among parenthesis represent standard error. h = haplotype diversity; π = nucleotide diversity; θπ = mean 
number of pairwise differences from the infinite-site equilibrium; Fs = neutrality test according to Fu (1997); P = 
probability of neutrality test; anot analyzed because of a lack of variation.
Genetic variation in M. pectinifera was structured geographically. AMOVA (Table 
3) revealed that most of the total cpDNA variation (68.19%, P < 0.00001) was explained 
by differences among populations, whereas a smaller fraction was found within populations 
(31.81%).
Historical demography
Fs values were not statistically significant, indicating no excess of recent mutations; 
thus, the hypothesis of population stasis was accepted. Values reported in Table 2 indicate that 
most of the populations sampled are currently not under expansion. BSP showed neither popu-
lation expansion nor contraction of M. pectinifera since at least 0.25 mya. Effective population 
size showed a long-term stability, a pattern indicative of regional persistence (Figure 2).
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Divergence times
Divergence times estimation using Birth-Death speciation prior showed that M. pec-
tinifera diverged from M. carmenae around 0.5878 mya [0.0172-2.3902 mya, 95% highest 
posterior density (HPD)], during Pleistocene (Figure 3A). Based on this result, M. carmenae 
was used as the outgroup of the M. pectinifera haplotypes, and a divergence time of 0.0172-
2.3902 mya was set to calibrate the root. Under the coalescent model, M. pectinifera origi-
nated 0.1759 mya (0.019-1.237 mya, 95% HPD), as shown in Figure 3B. The haplotypes A, B, 
D and F diverged from the ancestral clade formed by the C and E haplotypes at ca. 0.0336 mya 
(0.019-0.22639 mya, 95% HPD), showing a very recent haplotype divergence time.
Haplotype relationships showed two poorly resolved clades (Figure 3B). The topol-
ogy of the tree showed no correspondence with haplotype distribution. Haplotype C is found 
in RIE, TEX and FRON, whereas haplotype E is only present in COA. The second clade is 
form by A, B, D, and F haplotypes, from which haplotype A shows the widest distribution and 
frequency among populations and can represent the ancestral one of this clade.
Haplotype B is found in ZAP and TEX, while D and F haplotypes are private of COA. 
Source of variation d.f. Sum of squares Variance components Percentage of variation
Among populations   6 25.44 0.447 68.19
Within populations 59 12.31 0.208 31.81
Total 65 37.76 0.656
Fixation index FST          0.682
Table 3. Analysis of molecular variance (AMOVA) based on the psbA-trnH and trnT-trnL sequences of 
Mammillaria pectinifera.
Levels of significance are based on 1023 random permutations. P < 0.00001.
Figure 2. Bayesian skyline plot showed changes in population size of Mammillaria pectinifera through time 
(mutation per site). The black line represents the median estimate; gray line shows the 95% highest posterior 
density limits.
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This result can be related to a recent divergence and suggests that divergence occurred by 
geographic isolation and genetic drift.
Figure 3. Chronograms based on a Bayesian approach. A. Mammilloyd clade. Filled circle shows the calibration 
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DISCUSSION
The Pleistocene origin of M. pectinifera estimated through dating of the Mammil-
loyd clade [0.5878 (0.0172-2.3902) mya] corresponds to the time when the broad structural 
geomorphology of the northern sector of the Tehuacán Valley was close to the current one 
(Dávalos-Alvarez et al., 2007), but was still experiencing significant erosional, alluvial and 
volcanic processes (Figure 3A; Medina-Sánchez, 2010). If this age is reliable, it is very likely 
that at that time, geomorphic changes, combined with the regional increase in aridity, produced 
new micro-habitats in some flat summits of the evolving highlands, creating suitable condi-
tions for the appearance of M. pectinifera. The ability of these cacti to colonize successfully 
new drier conditions was due to their adaptations to high levels of water deficit, in a similar 
way to that described in other regions where coupled geomorphic-climatic changes have pro-
moted divergence (Hershkovitz and Zimmer, 1997). However, our coalescence model showed 
that M. pectinifera diverged from M. carmenae more recently [0.1759 (0.019-1.237) mya]. It 
also shows that the haplotypes studied diverged during the Upper Pleistocene (0.126-0.0117 
mya) (Figure. 3B). This earlier origin age could be related of the low nucleotide diversity 
detected from the trnT-trnL and psbA-trnH regions. According to the dating of the Mammil-
loyd clade, based on three chloroplast regions and 3896 bp, other endemic species of the TVr, 
such as M. carnea, M. hernandezii and M. sphacelata, diverged earlier during the Pleistocene 
(Figure 3B), suggesting that the most realistic age of M. pectinifera correlates with that of its 
related species. An earlier date of origin (Upper Pleistocene) is difficult to reconcile with the 
timing and rate of the local geomorphic events that established the initial habitat conditions 
where M. pectinifera diverged. We believe that the tectonic and climatic changes during the 
Pliocene-Pleistocene transition can explain the formation of new habitats and the appearance 
of the species, whereas the volcanic, erosive, alluvial and the minor tectonic events that af-
fected the area through the Quaternary better explain the divergence of the haplotypes.
Although a definite correspondence between the haplotype relationships and the geo-
graphical distribution of M. pectinifera could not be established due to low nucleotide varia-
tion, the divergence of the haplotypes could have occurred under population isolation. The 
analysis of variance revealed a strong population structure, suggesting a significant influence 
of landform evolution. Most of the variance was due to the variability among populations (FST 
= 0.682) and was interpreted as a result of restricted gene flow imposed by the isolation and 
limited dispersion of the populations.
No other factor can account for the confinement of the populations to such 
specific habitats, and the concomitant limited gene flow and genetic differentiation, better 
than geomorphic evolution. Even though the modern distribution of the habitats that host 
M. pectinifera is clearly patchy, the geomorphological evidence suggests the presence of 
an environmental continuum during the early Quaternary. Following the regression of the 
Neogene lake that covered an important part of the Tehuacán basin (Dávalos-Alvarez et al., 
2007), the soil conditions that characterize the upper flat highlands were probably shared by 
the intramontane valley areas that nowadays separate some of the populations. Widening of 
minor basins, pyroclastic deposits and alluvial valley fillings that characterized the Quaternary 
geology of the area (Dávalos-Alvarez et al., 2007; Medina-Sánchez, 2010) could have caused 
fragmentation of the primary environmental habitats and alteration of the original edaphic 
conditions, restricting M. pectinifera to isolated patches (Figure 1A).With the current 
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knowledge on the geomorphic evolution of the region, it is possible to outline the history of 
the geographical isolation of the known populations of M. pectinifera.
The geographical and genetic isolation of TECA, the most distant population, was 
probably the outcome of the enormous amounts of volcanic ash erupted during the peaks of 
activity of some of the Trans Mexican Volcanic Belt structures located at distances on the 
order of tens of kilometers north of the study area. These pyroclastic products were deposited 
during the Pleistocene and covered vast valley areas in the northern part of the distribution 
range of the species, including the valley between Cordón Tierra Colorada (Htc) and Cordón 
Nopala (Hnop) highlands (Figure 1A). Notably, these thick deposits are not found in the strati-
graphic records south of this valley, except for a thin layer of Holocene age south of the 
Nopala highlands (Medina-Sánchez, 2010), indicating that other geomorphic processes rather 
than volcanism and ash deposition governed the depositional dynamics below 18°30ꞌ and were 
more significant in causing isolation of the rest of the populations.
The TETE population is found in a summit of the Cerro Gordo, which is a semi-conic 
mountain, relatively isolated from the Hnop (Figure 1A). The structure that divides Cerro 
Gordo from Hnop corresponds to a normal fault. The Pleistocene activity of this fault caused 
partial subsidence of the Cerro Gordo block relative to Hnop giving rise to the San Juan Raya 
basin (Bsjr; Medina-Sánchez, 2010). In this case, given the strong restrictions for seed disper-
sal, the opening of a small “v”-shaped basin between Cerro Gordo and Hnop could prevent 
gene flow. The Pleistocene tectonic activity that configured the geometry of the San Juan Raya 
basin could also explain the isolation of the FRON population. It is thought that this tectonic 
activity enhanced sediment release from Cerro Gordo and Hnop and promoted deposition in 
the valley zones that separate FRON from the rest (Medina-Sánchez, 2010). The presence of 
alluvial fillings covered by a thick calcrete (at least 1.5 m) south of Cerro Gordo (Medina-
Sánchez, 2010), in what at present is the continental water divide, confirms significant sedi-
mentary and geochemical alteration of the former soil that allowed M. pectinifera to expand 
its geographical range at least up to the area around FRON.
The populations COA, TEX, RIE and ZAP are also separated by small “v”-shaped 
basins without a defined valley area. Similar to the one formed between Cerro Gordo and 
Hnop, the shape and size of these basins indicate a recent formation. Considering that these 
populations are distributed within the influence zone of the Oaxaca and Caltepec faults (Figure 
1A), two of the most active tectonic faults in the country, and the pre-existing geometry caused 
by the orogenic folding of the structures, it is likely that the formation of these basins was 
related to the localized erosion of intramontane depressions and/or to newly-formed fractures 
associated with tectonic activity. It has been documented that the Caltepec fault was very ac-
tive during most of the Cenozoic, with traceable episodes as recently as the Holocene (Elías-
Herrera et al., 2007). In particular, the activity of the Caltepec fault and/or associated faults 
could cause minor fracturing of the limestone highlands, initiating the processes of formation 
of these small basins.
The high number of haplotypes exclusive to COA could represent an extreme case 
of haplotype divergence under geographical isolation. The apparent independent evolution of 
this population can be the product of a longer period of isolation of this population, caused 
primarily by tectonic activity. The northward continuation of the Caltepec fault coincides with 
the alignment of faults that form the spatial separation of COA with respect to the other groups 
(Figure 1A). A similar pattern has been observed among populations of Eucalyptus caesia, in 
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the southwest arid part of Australia (Byrne and Hopper, 2008). In that case, the granitic rocks 
that form the substrate, and hence the habitat for the species, have been weathered and frag-
mented since the Cretaceous.
On the other hand, the low seed and pollen dispersal capacity is an important eco-
logical factor limiting gene flow, and at the same time increases the likelihood of the genetic 
drift to be a driving mechanism of population divergence. Gravity-dependent seed dispersal 
and serotiny constrain seedling recruitment to very local distances, preventing colonization 
of potential areas and promoting genetic divergence on a small geographical scale (Ellis et 
al., 2006). Even if seed dispersal to long distances can eventually occur, this has proven to be 
extremely rare. The case of M. pectinifera shows the predominant role of the evolution of the 
physical landscape on the genetic divergence of isolated populations, indicating that under a 
history of reduced gene flow, a strong genetic drift is the response mechanism shown by its 
populations. Other succulent plants that are shown to have experienced the same process be-
long to the African genus Argyroderma (Aizoaceae). These species show small but significant 
levels of genetic differentiation among populations, associated with long-term restrictions of 
gene flow, caused in turn by the confinement of the populations to quartz-rich soils, as well as 
to dispersal-limiting fruit retention by the mother plant (Ellis et al., 2006).
Our reconstruction of the historical demography indicates that at the population level 
M. pectinifera has persisted in highly specific habitats in response to geomorphic evolution. 
The BSP and demographic expansion analyses indicate that M. pectinifera has maintained 
populations historically stable. Low temporal and spatial seed dispersal capacity plus the high 
habitat specificity were probably the main functional causes of this habitat persistence. Popu-
lation persistence has also been reported previously as a response mechanism to geo-climatic 
changes in arid environments. The cases of Acacia lobulata and E. caesia in Australia and 
Discorea biloba in Chile illustrate persistence in isolated regions or specific habitats with rela-
tive long-term stability (Byrne, 2008; Viruel et al., 2012). On the other hand, the demographic 
stability of M. pectinifera contrasts with the contraction and expansion pattern of refugia ob-
served in desert plants of southwestern USA and northern Mexico in response to Pleistocene 
climatic instability (Rebernig et al., 2010). 
The close relationships between the landscape structure (population isolation) and 
the genetic structure observed in the African species of Lithops and Argyroderma, support the 
idea that the limited gene flow and the edaphic and topographic heterogeneity of the landscape 
played a major role in species radiation (Ellis et al., 2006; Kellner et al., 2011). It has also been 
proven that morphological divergence is an alternative adaptive response to the edaphic com-
plexity across different basins, constituting an important factor of species radiation. Under this 
scenario, local adaptation can be facilitated by limited gene flow. In the groups studied by Ellis 
et al. (2006), serotiny favored local dispersion, facilitating genetic divergence and adaptations 
to local habitats in fragmented geographies.
The present study showed that limited genetic flow imposed by the configuration of 
the landscape and the peculiar reproductive biology of M. pectinifera may have played a pre-
dominant role in the origin and genetic divergence of this plant species. Because most of the 
endemic species of Mammillaria in the TVr present a restricted spatial distribution, high habi-
tat specificity related to altitudinal limits, soil and vegetation type (Peters, 2000), and since 
some of them show serotiny (M. hernandezii, M. napina and M. solisioides; Rodríguez-Ortega 
et al., 2006), it is likely that the genetic pattern described for M. pectinifera can be found in 
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other related species. The confirmation of an extended pattern would provide additional sup-
port to the claim that geomorphological evolution was a crucial factor of diversification of the 
cacti in this region. It is also essential to carry out further studies on the role of natural selec-
tion in the diversification of this group. It is of particular interest to expand our understanding 
of the relative importance of individual components of the physical environment, such as soil 
conditions in promoting processes of local adaptation.
CONCLUSIONS
M. pectinifera originated during the Pleistocene. It shows a high genetic diversity, 
spatially structured and with haplotypes restricted or exclusive to some populations. The per-
sistence of small populations in spatially-limited habitats has been the main response of the 
species to landscape evolution. Our results suggest that geomorphic evolution can play a de-
terminant role in origin, haplotype divergence and speciation because of its indirect effect of 
restricting gene flow even over small geographical distances. It is essential to take this ap-
proach forward and to analyze the phylogeographic pattern of other species of Mammillaria 
endemic to the TVr to gain a better understanding of the mechanisms that lead to speciation 
within this tribe, which shows one of the highest speciation rates within the family Cactaceae.
Given the observed high haplotype diversity and its structure, as well as the diver-
gence ages, it is crucial to highlight the importance of preserving and protecting the majority 
of the known wild populations and their environments to maintain the ongoing evolutionary 
processes that drive the diversification of this group. We urge the implementation of strate-
gies to preserve in situ and ex situ most of the gene pool of the species, prioritizing the COA 
and TEX populations because of their high haplotype diversity and perhaps most importantly 
because of the high disturbance rates reported for their habitats.
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